Objective: To evaluate the clinical outcomes of lyopreserved placental membrane containing viable cells (vLPM) in the treatment of nonhealing wounds of various etiologies, and to compare them to those previously reported for cryopreserved placental membrane containing viable cells (vCPM). Approach: Patients with nonhealing wounds who qualified to receive advanced wound therapies were consecutively enrolled and treated weekly with vLPM plus standard of care (SOC) at five centers. Data were de-identified and retrospectively analyzed. Outcomes included closure, time to closure, number of vLPM applications, and adverse events (AEs). Results: Seventy-eight patients with 98 wounds (41 diabetic foot ulcers [DFUs], 19 venous leg ulcers [VLUs], 10 surgical, and 28 others) with an average size of 13.3 cm 2 and 8.7 months duration were treated. Fifty-eight of the 98 wounds (59.2%) achieved complete closure with median time to closure of 63 days and 6 vLPM applications. The closure by wound etiology was 63% for DFUs, 47% for VLUs, 70% for surgical wounds, and 57% for other types of wounds. Similar closure rates have been previously demonstrated for vCPM. Wound duration was the main predictor of closure: 65.8% versus 30.0% ( p = 0.004) closure was achieved for wounds of £12 and >12 months duration, respectively. There were no AEs related to vLPM application. Innovation: This is the first multicenter case series evaluating the clinical outcomes of vLPM in a real-world setting. Conclusion: These results support clinical equivalency between the two placental membrane formulations with the added convenience of room-temperature storage for vLPM, allowing it to be used in any wound-care setting.
INTRODUCTION
Chronic or nonhealing wounds are defined as wounds that are unable to proceed through the normal phases of healing in a timely and orderly manner. 1 Approximately 2% of the United States population suffers from a nonhealing wound, presenting a significant therapeutic challenge to wound-care providers and a high cost burden to our health care system and society. 1, 2 Often, nonhealing wounds are linked to underlying patient comorbidities such as diabetes mellitus (DM), obesity, venous insufficiency, and arterial disease, all of which negatively impact wound healing. 3 Current standard of care (SOC) for nonhealing wounds typically includes cleansing and debridement of necrotic and infected tissue, establishment of adequate circulation, maintenance of a moist wound environment, nutritional support, infection management, and offloading or compression depending on wound location and etiology. 4 However, in patients with significant comorbidities, SOC alone often is not sufficient for wound management. As a result, advanced adjunctive therapies are recommended for these difficult-to-heal wounds. Skin substitutes, one class of advanced wound-care therapies, include different categories, such as bioengineered matrices, xenografts, and tissue allografts. Human placental membranes have a long history in wound management. 5, 6 Recently, with advances in preservation technologies, many different placental tissue allografts have become commercially available, including a cryopreserved placental membrane containing viable cells (vCPM). 6, 7 In vCPM, which can be derived from amnion or chorion, all of the components of fresh placental tissue are preserved including the three-dimensional collagen-rich matrix, endogenous growth factors, and viable cells. 7 Preservation of all components allows retention of the anti-inflammatory, antifibrotic, antimicrobial, and angiogenic properties inherent to fresh placental tissue. [8] [9] [10] [11] High closure rates for difficult-to-treat wounds of different etiologies and locations have been demonstrated in multiple vCPM clinical studies. [12] [13] [14] [15] [16] [17] [18] [19] [20] Two prospective studies, one utilizing amnionderived vCPM and one utilizing chorion-derived vCPM, demonstrated a 62% and 59.3% closure rate for chronic diabetic foot ulcers (DFUs) and chronic complex DFUs, respectively. 12, 14 Results of these DFU prospective clinical trials are mirrored by reported DFU closure rates in real-world patients. In 2018, Raspovic et al. analyzed data from a wound care registry and reported a 59.4% wound closure rate with amnion-and chorion-derived vCPM. 16 Multiple vCPM case series' in different patient populations, such as peripheral arterial disease (PAD) smokers, patients with surgical tract wounds, or with exposed hardware, have reported high and durable closure rates. [18] [19] [20] In two retrospective studies, various types of wounds managed with vCPM plus SOC showed closure rates of 76.1% and 63.0%, respectively. 13, 15 In a prospective, single-arm study, 53.0% of patients achieved complete wound closure with vCPM plus SOC in the treatment of chronic venous leg ulcers (VLUs) that had previously failed 12 weeks of SOC. 17 All these studies show similar closure rates for wounds of various etiologies and locations that have been managed with either amnion-or chorion-derived vCPM adjunct to SOC.
Until recently, cryopreservation was the only technique able to preserve viable cells and tissue for long-term storage. While cryopreservation allows for the long-term storage of tissue containing viable cells, the need for specialized equipment to maintain ultralow temperatures for shipment and storage limits the use of cryopreserved product to medical facilities that have deep freezers. 21 Advances in preservation techniques, however, have led to the development of a lyopreservation method that allows for viable tissues to be stored at room temperature. Using this lyopreservation technique, a new formulation of placental membrane, has recently been developed.
Similar to vCPM, lyopreserved placental membrane containing viable cells (vLPM) retains all the components of the native tissue. 22 A recent scientific study demonstrated that the vLPM extracellular matrix structure, levels of growth factors, and percent of endogenous viable cells were similar to those of vCPM and fresh amniotic membrane. 23 vCPM and vLPM are tissue allografts categorized as cellular and/or tissue-based products and are intended for use in the management of acute and chronic wounds. The key difference between the two formulations is the required storage and shipment temperature: vCPM is stored at -75°C to -85°C and currently has a 3-year shelf-life at this temperature, whereas vLPM can be stored at room temperature with a current shelf-life of 1 year. 7, 22 With new data, the shelf-life for both products is expected to be extended in the future.
The purpose of this study was to evaluate clinical outcomes of vLPM in patients with nonhealing wounds of various etiologies and locations and compare them to outcomes previously reported for vCPM.
CLINICAL PROBLEM ADDRESSED
Often, difficult-to-heal wounds require advanced therapies when first-line SOC treatment has failed. vCPM has been on the market since 2010 and has demonstrated positive clinical outcomes in the treatment of various types of wounds. However, for shipment and storage, vCPM requires specialized ultralow temperature equipment that limits the use of vCPM to medical facilities that have such equipment. A new formulation of placental membrane preservation using a new lyophilization technique that allows viable tissues to be stored at room temperature has been developed. Similar to vCPM, the vLPM retains all components and properties of native tissue. vLPM, however, is conveniently stored at room temperature. This study shows positive clinical outcomes with vLPM use for nonhealing wounds of different etiologies and locations, and shows wound closure rates similar to those previously reported for vCPM. The provided evidence addresses an important question for wound-care providers and payers regarding vLPM clinical performance and its comparability to vCPM.
MATERIALS AND METHODS

Study design and patient population
This was an open-label case series evaluating the clinical and safety outcomes of vLPM in the treatment of nonhealing wounds of various etiologies at five different centers across the United States. Seventy-eight patients with 98 wounds who were qualified to receive advanced wound therapies between December 2017 and February 2019 were consecutively enrolled and treated with vLPM plus SOC. To be eligible, patients were 18 years or older with a nonhealing wound of any etiology and location, and had previously failed SOC treatment. Nonhealing wounds were defined as wounds with no progression toward closure with 4 weeks of SOC, or wounds in patients with significant comorbidities that put them at a high risk for nonclosure. Exclusion criteria included participation in any other skin substitute studies, active index wound infection, and alcohol and drug abuse.
Written informed consent was obtained from each patient before data analysis. Patient medical charts were the source of data. Data from the five centers were de-identified, consistent with the terms and conditions outlined in the Health Insurance Portability and Accountability Act of 1996 (HIPAA), and were pulled and analyzed retrospectively. This study was conducted in compliance with the ethical rules outlined in the Declaration of Helsinki. Due to retrospective analysis, this study was Institutional Review Board (IRB) exempt. vLPM description and treatment regimen vLPM (GrafixPL PRIME Ò ; Osiris Therapeutics, Inc., Columbia, MD) is aseptically processed from donated human placental tissue following rigorous quality assurance standards and is stored and distributed for use in accordance with the regulations outlined in 21 Code of Federal Regulations (CFR) 1271 and the standard of the American Association of Tissue Banks (AATB). All donors have been extensively screened and all tissues have been recovered, processed, stored, tested, and distributed in accordance with current U.S. Federal Regulations, current AATB standards, and state/ local regulations as required. Every lot is tested per United States Pharmacopeia (USP) <71> sterility tests, residual moisture content analysis per USP <921> water determination, and custom in vitro assays to determine the presence of epidermal growth factor and the presence of viable cells (mesenchymal stem cells, epithelial cells, and fibroblasts) across ‡70% of the tissue tested. 22 Comprehensive analyses of structural and functional properties of vLPM have been performed and reported previously. [23] [24] [25] Weekly applications of vLPM were recommended and three different sizes of vLPM were used during the course of treatment: 5 · 5 cm, 3 · 4 cm, and 16 mm. Before product application, wounds were cleaned and debrided per investigator discretion. Following vLPM application, a nonadherent dressing was applied. Patients with DFUs were required to wear an offloading device, such as a standardized fixed ankle walker or postoperative shoe. Patients with VLUs were required to receive multilayer compression. Patients were instructed to leave dressings dry and intact. Treatment progress and safety evaluations were performed at each visit until the patient achieved complete closure or until the investigator terminated vLPM use. Up to 12 weekly applications of vLPM were recommended, however, at the discretion of the investigator, more applications could be used if a wound was progressing toward closure.
Clinical outcomes and statistical analyses
The primary endpoint was the proportion of patients who achieved complete wound closure (defined as 100% reepithelialization as determined by the investigator) by the end of treatment. Other endpoints included time to closure, number of vLPM applications, percent area reduction (PAR) for nonclosed wounds, and treatment-related adverse events (AEs).
Subanalyses of closure outcomes for wounds £ and >12 months duration were performed, as well as outcomes for wounds £ and >3.62 cm 2 (small and large). The median wound size, 3.62 cm 2 , was selected as a cutoff between small and large wounds.
Descriptive statistics for continuous variables included the mean, standard deviation, median, and ranges. Statistics for categorical variables included frequencies and percentages. Evaluation of bivariate associations between the primary endpoint (wound closure) and other study variables were also performed. A w 2 test was used for binary and categorical variables, and a one-way analysis of variance (ANOVA) test was used for associations between continuous study variables and the primary endpoint (wound closure). A linear regression model was used to assess an association between the time to closure outcome and continuous variables (age, wound size, and wound duration). A p-value of £0.05 was considered significant.
RESULTS
Patient demographics and wound characteristics
Of the 78 patients treated with vLPM, 56 (71.8%) were male and 22 were female with an average age of 62.7 years (range 24-94). Patient comorbidities included 63% DM, 42% venous insufficiency, 47% hypertension, 14% chronic kidney disease, 13% PAD, 12% hyperlipidemia, 9% lymphedema, and 6% end-stage renal disease. Fifty-one of the 78 patients (65.4%) had two or more comorbidities. Furthermore, 11 of the 78 patients (14.1%) were receiving treatment for multiple wounds. Forty-one of the 98 wounds were DFUs, 19 were VLUs, 10 were surgical wounds, and 28 were other wounds, including pressure ulcers, arterial wounds, chronic wounds, open hematomas, and gangrenous wounds, among others. The average wound size was 13.3 cm 2 (median: 3.62 cm 2 ) with an average duration of 8.7 months (median: 4.5 months), and 20 wounds (20.4%) had a duration >12 months. Ninety-six point nine percent of wounds were located on the lower extremity and 3.1% were nonlower extremity wounds located on the tailbone, scrotum, and shoulder. Table 1 describes cumulative wound characteristics as well as wound characteristics for each etiology.
Clinical outcomes
Fifty-eight of the 98 wounds (59.2%) that received vLPM applications achieved complete closure with a median time to closure of 63 days and six applications. Approximately 63% of DFUs, 47% of VLUs, 70% of surgical wounds, and 57% of other types of wounds achieved complete wound closure. Clinical outcomes are graphically presented in Fig. 1 . Closure rates with vLPM application plus SOC for wounds of different etiologies in the present study are similar to those seen in previous vCPM studies (Fig. 2) , with those studies averaging a closure rate of 62.3%.
Forty wounds did not achieve complete closure, of which, only 5 (12.5%) increased in size. The mean PAR for nonclosed wounds was 42.3%. The average size of nonclosed wounds was 19.0 cm 2 with an average duration of 13.3 months. No AEs were attributable to vLPM application.
Bivariate analyses of the wound closure (primary study endpoint) versus other study variables revealed associations between wound duration and wound closure ( p = 0.002). Time to closure was associated with a diabetes diagnosis ( p = 0.03), wound size ( p = 0.01), and wound duration ( p = 0.03).
A comparison of clinical outcomes between wounds £12 months duration and >12 months duration are presented in Fig. 3 . There were 73 wounds £12 months duration and 20 wounds >12 months duration (missing duration data for 5 wounds). Forty-eight out of 73 wounds (65.8%) that were less than 12 months duration achieved complete closure, while only 6 out of 20 wounds (30.0%) that were greater than 12 months duration achieved complete closure ( p = 0.004). Significant differences were also seen for time to closure and number of applications between the two subsets of wounds. Wounds £12 months duration achieved closure in a median time of 62.5 days with 6.0 applications compared to 119.5 days with 11.0 applications for wounds >12 months duration ( p = 0.01, p = 0.03). Figure 4 shows the clinical outcome comparisons between wounds £3.62 cm 2 and wounds >3.62 cm 2 .
Forty-nine wounds were £3.62 cm 2 , of which 71.4% achieved closure compared with 49 wounds >3.62 cm 2 , of which 46.9% achieved complete closure ( p = 0.01). The smaller wounds, with an average duration of 6.8 months, achieved closure in a median time of 51.0 days and 5.0 applications compared to 84.0 days and 8.0 applications for the larger wounds, which had an average duration of 10.7 months ( p = 0.03, p = 0.03).
DISCUSSION
The main objective of this multicenter, openlabel case series was to evaluate the clinical outcomes of vLPM, a commercially available placental tissue allograft, in the treatment of nonhealing wounds. We further compared wound closure rates achieved with the use of vLPM in this study to those previously reported for vCPM, the cryopreserved formulation of placental membrane. Patients with wounds treated in this study are representative of real-world, hard-to-heal wounds that providers face daily in their practice.
Ninety-eight wounds of various etiologies were treated with vLPM in this study: 41 DFUs, 19 VLUs, 10 surgical wounds, and 28 other wounds. The results of this study demonstrated an overall closure rate of 59.2% in a median time to closure of 63 days and six applications. Clinical outcomes for all wounds as well as outcomes separated by etiology are graphically presented in Fig. 1 . Approximately 63% of DFUs, 47% of VLUs, 70% of surgical wounds, and 57% of other types of wounds achieved complete closure.
Clinical outcomes of vCPM have been reported in multiple studies for wounds of various etiologies and locations. [12] [13] [14] [15] [16] [17] [18] [19] [20] In the present study using vLPM adjunct to SOC, we demonstrated similar closure rates to those rates previously shown in clinical studies with the cryopreserved formulation (Fig. 2) . Specifically, the 63.4% closure rate for DFUs in this vLPM study is similar to the 62.0%, 59.3%, and 59.4% closure rates previously reported with vCPM in a multicenter randomized controlled trial (RCT) for chronic DFUs, in a prospective multicenter open-label clinical trial for complex chronic DFUs with exposed deep structures, and in a retrospective wound registry study representing real-world patients with DFUs, respectively. 12, 14, 16 The closure rate for VLUs of 47.4% is also similar to the 53.0% closure rate in a previous study utilizing vCPM in the treatment of chronic VLUs. 17 We further performed analyses of associations between study variables and clinical outcomes. Our results of the bivariate analysis revealed that wound closure depends on wound duration before treatment and time to closure is associated with a diabetes diagnosis, wound size, and wound duration. A closer look at the data for wounds £12 and >12 months duration showed a significant difference in the proportion of patients who achieved complete wound closure ( p = 0.004), time to closure ( p = 0.01), and number of vLPM applications ( p = 0.03) between the two cohorts (Fig. 3) . The majority of wounds in this study are DFUs. The cutoff wound size of 3.62 cm 2 was selected as it represents both a typical DFU size and aligns with the size of DFUs in other clinical studies. [12] [13] [14] 16, 26 These data showed significant differences between wounds £3.62 cm 2 and >3.62 cm 2 for the proportion of patients who achieved complete closure ( p = 0.01), time to closure ( p = 0.03), and vLPM applications ( p = 0.03) (Fig. 4) .
Previous DFU and VLU studies have shown evidence of similar prognostic indicators for wound closure. Margolis et al. analyzed data from 27,630 DFU patients and evaluated several prognostic models with a wound closure outcome by 20 weeks of care. This study found that wounds greater than 2 cm 2 , greater than 2 months duration, and a wound grade greater than 2 were less likely to close. 26 In 2015, Fife et al. generated a predictive model for wound closure using data from 13,226 patients with DFUs. The results indicated that there are several factors that are associated with wound closure outcomes. Such factors include the presence of infection, first wound area, age, Wagner grades, peripheral vascular disease diagnosis, and wound age at first encounter. 27 These prognostic indicators are similar to those that have been identified in VLU studies. In a multicenter, double-blind, parallel group study, Phillips et al. analyzed 165 patients with a chronic VLU to determine if there were potential prognostic factors for ulcer closure and time to closure. The results showed that ulcers with a smaller baseline area and a shorter duration were more likely to close. For the time to closure endpoint, the results also indicated that baseline ulcer area and duration of the ulcer were both important predictive factors. 28 Similar results were seen in a larger, retrospective cohort study conducted by Taylor et al. In this study, data were analyzed for 325 patients with 345 VLUs. The results showed that closure rates were significantly related to history of previous ulceration, the amount of ulcer exudate, high BMI, a larger total ulcer area, increasing age, and male gender. 29 The association of wound closure and time to closure with wound size and duration are consistent with what was seen in the current case series. Only 30% of wounds >12 months duration and only 46.9% of wounds >3.62 cm 2 achieved complete closure. Larger wounds with a longer duration put patients at a high risk for nonclosure as well as wound-related infections, hospitalizations, and amputations, the three major and costly complications associated with open wounds. 30 These data indicate that larger wounds and wounds open for a longer duration will require more applications of vLPM, take longer to achieve complete closure, and suggest that these sicker, real-world patients could benefit from advanced wound-care modalities such as vCPM or vLPM earlier in their care.
A recently published study that analyzed wound closure rates using U.S. Wound Registry (USWR) and reported in RCTs supports the use of advanced wound-care modalities. Based on the analysis of more than 225,000 wounds in USWR and 48 RCTs with 2,620 control subjects, the study concluded that it is likely that in the real world, among complicated patients, healing rates better than 40.0% are not achievable. 30 With the use of vLPM, a 59.2% overall closure rate was achieved in this study for difficult-to-heal wounds in patients with multiple comorbidities that negatively affect wound healing.
The limitations of this study are the retrospective study design, the lack of a control group and standardized SOC before vLPM treatment, and the relatively small sample size. Due to the lack of strict exclusion criteria, larger wounds and wounds of longer duration before vLPM treatment were included in this study. This could have potentially contributed to the slightly lower closure rate and slower time to closure in the present study compared to previous studies with vCPM. Strengths of this study include providing outcomes for wounds of different etiologies, sizes, and duration, providing guidance on time to closure, number of vLPM applications required for different wounds, and evidence suggesting clinical equivalency between vLPM and vCPM formulations. To confirm clinical equivalency, however, a larger, randomized, prospective trial that is powered to show significance would be needed.
In summary, this study shows positive clinical outcomes with vLPM use for nonhealing wounds of different etiologies and locations, and shows wound closure rates similar to those previously reported with vCPM. The results support that the clinical performance of vLPM is comparable to that of vCPM.
INNOVATION
vCPM has been successfully used in the treatment of nonhealing wounds. However, the requirement of ultralow temperature equipment for storage limits its use to those medical facilities that have such equipment. Using a new lyopreservation technique that allows viable tissues to be stored at room temperature, vLPM has recently been developed. The results of this study show positive clinical outcomes for vLPM in the management of nonhealing wounds of various etiologies and locations that are comparable to those outcomes reported previously for vCPM.
KEY FINDINGS
The proportion of patients treated with vLPM who achieved complete wound closure by the end of treatment was 59.2% with a median time to closure of 63 days and 6 applications. There were no vLPM-related AEs.
Closure rates between the current study with vLPM (59.2%) and previous studies with vCPM (average 62.3%) suggest clinical equivalency between the two formulations.
Our findings suggest a correlation between wound duration before vLPM treatment and wound closure. Wounds £12 months duration and £3.62 cm 2 were more likely to close. In addition, a diabetes diagnosis, wound size, and wound duration all show a correlation with time to closure using vLPM.
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